Abstract Recent studies have demonstrated that antistaphylococcal beta-lactam antibiotics, like nafcillin, render methicillin-resistant Staphylococcus aureus (MRSA) more susceptible to killing by innate host defense peptides (HDPs), such as cathelicidin LL-37. We compared the effects of growth in 1/4 minimum inhibitory concentration (MIC) of nafcillin or vancomycin on the LL-37 killing of 92 methicillin-susceptible S. aureus (MSSA) isolates. For three randomly selected strains among these, we examined the effects of nafcillin, vancomycin, daptomycin, or linezolid on LL-37 killing and autolysis. Growth in the presence of subinhibitory nafcillin significantly enhanced LL-37 killing of MSSA compared to vancomycin and antibiotic-free controls. Nafcillin also reduced MSSA production of the golden staphylococcal pigment staphyloxanthin in 39 % of pigmented strains vs. 14 % for vancomycin. Among the antibiotics tested, only nafcillin resulted in significantly increased MSSA autolysis. These studies point to additional mechanisms of antistaphylococcal activity of nafcillin beyond direct bactericidal activity, properties that vancomycin and other antibiotic classes do not exhibit. The ability of nafcillin to enhance sensitivity to innate HDPs may contribute to its superior effectiveness against MSSA, as suggested by studies comparing clinical outcomes to vancomycin treatment.
Introduction
Recent increases in methicillin resistance in Staphylococcus aureus causing bacteremia (SAB) has expanded the use of vancomycin as an empiric as well as directed antimicrobial therapy. While this is medically and microbiologically acceptable practice, recent studies suggest that empiric therapy with vancomycin for SAB, including those caused by isolates exhibiting methicillin resistance (MRSA), did not result in decreased mortality [1, 2] . Additionally, vancomycin used to treat methicillin-susceptible S. aureus (MSSA) bacteremia was associated with at least a three-fold increase in all-cause and infection-related mortality when compared to treatment with anti-staphylococcal beta-lactams [3] [4] [5] . Even when not initiated empirically, the transition from vancomycin to an anti-staphylococcal beta-lactam after the identification of MSSA in blood cultures may still reduce mortality [5] . The risk for treatment failures and, most importantly, patient death, underscores the importance of using beta-lactams, such as nafcillin, as empiric or tailored therapy for MSSA bacteremia [3, [5] [6] [7] .
The human innate immune response plays an important role in the first line of defense against infection. In particular, LL-37 belongs to the cathelicidin family of host defense peptides (HDPs) that are prevalent in human skin and neutrophils, and possesses broad-spectrum antimicrobial activity against both Gram-negative and Gram-positive bacteria, including S. aureus [8] [9] [10] . We and others have recently demonstrated that administered antibiotics have important pharmacodynamic interactions with LL-37 and other HDPs, the most striking of which was the enhanced killing of MRSA by LL-37 when exposed to beta-lactams [11] [12] [13] . Synergy with LL-37 was not demonstrated for the anti-MRSA antibiotics vancomycin, linezolid, or daptomycin against MRSA. Conversely, other antibiotics, traditionally classified as bacteriostatic by virtue of their in vitro activity, antagonize the antibacterial activities of LL-37 [14] . Strikingly, the Bimmunity-sensitizing^activity of beta-lactams extends to Gram-positive pathogens that were beta-lactam-resistant, such as ampicillin (and daptomycin), promoting LL-37 sensitivity in vancomycin-resistant strains of Enterococcus faecium [15, 16] .
In the present study, we sought to explore this phenomenon of antibiotic-induced sensitization to MSSA interaction with LL-37, with specific focus on comparing nafcillin to vancomycin. We hypothesized that nafcillin could better sensitize S. aureus to LL-37 killing than vancomycin, therefore, partially explaining the observed worse outcomes and longer bacteremia in patients with MSSA in which vancomycin treatment was continued beyond the initial empiric indication [12] .
Materials and methods

Bacterial isolates and antibiotic susceptibility testing
The MSSA strains studied were obtained from a previously published retrospective clinical study, which was approved by the institutional review board of the University of Maryland, Baltimore [5] . All isolates were collected from hospitalized subjects with bacteremia and exposed to vancomycin, either empirically (i.e., within 24 h before or after blood culture collection) or 24 h after culture collection to hospital discharge. Isolates were stored in cryovials at −70°C. Susceptibility testing to nafcillin and vancomycin was performed using the microbroth dilution method in RPMI + 5 % LB, the same conditions employed for subsequent LL-37 killing assays. In addition, vancomycin susceptibility was evaluated using the Epsilometer test (E-test, AB Biodisk, La Balme Les Grottes, France; bioMérieux, Durham, NC), according to the manufacturer's instructions. Other relevant clinical and microbiological data surrounding these isolates, including daptomycin and linezolid susceptibility testing results, staphylococcal protein A (spa) gene sequence typing, patient antibiotic therapy, and clinical outcomes (i.e., 30-day all-cause mortality and post-infection hospital days), have been previously published [5] .
Antimicrobial peptide killing assays
Human cathelicidin LL-37 (net charge +6 at pH 7.5) purchased from AnaSpec, Inc. (Fremont, CA) was the HDP evaluated in this study due to the correlation of relative LL-37 resistance with S. aureus virulence and its emergence as a biomarker predicting outcome among hemodialysis patients highly vulnerable to invasive S. aureus infection [12, 17, 18] . The concentration of LL-37 selected for the killing assays was 8 μM based on pilot studies that determined conditions allowing baseline bacterial survival prior to antibiotic sensitization. Given that these were bacteremia isolates, a relatively higher concentration was required compared to what would have been used to test clinical S. aureus isolates from other sites (e.g., skin, sputum). Bacteria were grown to the stationary phase for 14-16 h at 37°C in 5 mL of antibiotic-free LB broth or broth containing 0.25× minimum inhibitory concentration (MIC) of nafcillin or vancomycin, washed in PBS, resuspended in fresh PBS to OD600 nm of 0.5, serially diluted to the range of 104 CFU/mL, and subjected to LL-37 killing assays as previously described in a final concentration in the range of 103 colony-forming units (CFU)/mL [13, 19] . At 0 and 2 h exposure time-points, six 10-μL samples for each time-point and antibiotic were plated on tryptic soy agar (TSA) plates and colonies enumerated after 24 h. The mean percentage survival (± standard deviation, SD) was quantified and expressed in relation to CFU at time 0. In addition, the survival ratio was determined by (% survival with antibiotic)/ (% survival without antibiotic). In the subset of pigmented isolates, the color of the colonies was recorded by visual inspection as white, yellow, or golden pre-and post-antibiotic sensitization.
Effects of MSSA treatment option antibiotics on bacterial autolysis and LL-37 killing
Three bacterial strains were randomly selected from the group and subjected to autolysis assays after growth to stationary phase (14-16 h) in the absence or presence of subinhibitory concentrations (approximately 0.25× MIC) of antibiotics that clinicians would consider in treating MSSA bacteremia: nafcillin (beta-lactam), vancomycin (glycopeptide), linezolid (oxazolidinone), and daptomycin (lipopeptide). Bacteria were washed once in PBS and the sample split into two parts, one of which was subjected to LL-37 killing assays as described above and the other part was resuspended in PBS/0.2 % Triton X-100 to an OD600 nm of approximately 0.7-0.8 in a plastic cuvette (duplicate samples). Cuvettes were sealed with parafilm, placed in a 37°C shaker (200 RPM), and OD600 nm recorded at 1, 2, and 6 h. The results are expressed at % OD 600 of the baseline reading at time 0.
Statistical analysis
All data were entered into an Excel database and reformatted for analysis in SPSS version 21 (IBM, Chicago, IL). Statistical significance was set a priori at p < 0.05. A paired t-test was used to detect for significant differences in percent survival within the same isolate that was unsensitized versus exposed to antibiotics prior to experimentation with the LL-37 killing assay. The McNemar test was used to detect for significant differences in isolate color within the same isolate that was unsensitized versus exposed to post-sensitization. Classification and regression tree (CART) were conducted to identify factors contributing to a survival ratio for nafcillin <0.2 (i.e., at least 80 % killing) and conversion to white color with exposure to nafcillin.
Results
Antibiotic susceptibility
A total of 92 unique clinical bloodstream MSSA isolates were available for in vitro experimentation. Relevant clinical and microbiological data have been extensively characterized and published. All 92 subjects from which these isolates were obtained were exposed to vancomycin at some point during hospitalization: seven received vancomycin 24 h before positive cultures, 52 within 24 h of culture collection, and 83 were on vancomycin 24 h after positive cultures. All isolates were susceptible to nafcillin, daptomycin, and linezolid per Clinical and Laboratory Standards Institute (CLSI) standards (Table 1) . Over 70 % of the MSSA strains had a vancomycin MIC ≥1.5, with four isolates notably at MIC = 3.0.
LL-37 killing assays
In LL-37 killing assays, the mean percent MSSA survival at 2 h for the group of isolates was significantly lower for nafcillin-mediated sensitization when compared to the unsensitized or vancomycin-sensitized conditions performed in parallel (49 % vs. 87-88 %, p < 0.001) (Fig. 1a) . Compared to the unsensitized status, the mean (± SD, [interquartile range]) survival ratio at 2 h was significantly lower for nafcillin than vancomycin (−0.56 ± 0.35 [0.32-0.83] and 1.00 ± 0.17 [0.89-1.11], respectively, p < 0.001). The individual strain results are depicted in scatter plot format in Fig. 1b . The ratio of the percent survival in LL-37 of nafcillinexposed to unexposed (antibiotic-free) conditions for individual strains is shown in the top half; the ratio of the percent survival in LL-37 of vancomycin-exposed to unexposed (antibiotic-free) conditions is in the lower half. In these data, a ratio of <1.0 denotes strains that are rendered more vulnerable by the antibiotic exposure to LL-37 killing, while strains with ratio >1.0 are rendered more resistant to LL-37 killing. Notably for most strains, growth in nafcillin resulted in a ratio <1.0, w h e r e a s g r o w t h i n v a n c o m y c i n r e s u l t e d i n approximately half of the strains exhibiting increased resistance to LL-37 killing.
Effect of antibiotic exposure on pigment
The post-antibiotic sensitization color was recorded for 49 of the 92 isolates with notable pigmentation at baseline. Of these 49 strains, 44 (90 %) were yellow or golden as unsensitized (Table 2 ). Significantly more strains that were sensitized to nafcillin, as compared to vancomycin, converted from yellow/golden to white color after antibiotic sensitization (17 [39 %] vs. 6 [14 %] of 44 total yellow or golden isolates, p < 0.001).
Using CART, it was observed that isolates that converted to white color with nafcillin sensitization, as opposed to those without a change in color, had a significantly higher survival ratio of <0.2 (24 % vs. 14 %, p = 0.043). In addition, a higher proportion of isolates with USA types 100 or 800, in contrast to USA types 200 or 300, converted to white color with nafcillin exposure (32 % vs. 0 %, p = 0.012). Effect of anti-staphylococcal antibiotics on autolysis
The dramatic differences in LL-37 sensitization of nafcillin versus vancomycin led us to inquire what the effects of LL-37 sensitization would be among other antimicrobials that clinicians might consider using to treat MSSA bacteremia. For three randomly selected strains, nafcillin was the only antibiotic that significantly enhanced LL-37 killing and markedly increased autolysis (Fig. 2) . For one of the strains (MSA273, middle panel of Fig. 2 ), growth in linezolid, daptomycin, and vancomycin increased resistance to LL-37 killing compared to controls.
Discussion
It has been appreciated for a long time that beta-lactam antibiotics offer significant clinical advantages over glycopeptides in the treatment of serious S. aureus infections. Most have attributed these differences to the increased potent bactericidal activity of nafcillin and other anti-staphylococcal beta-lactams over glycopeptides [20] . However, skepticism is increasing regarding whether the in vitro killing activity of antibiotics truly allows useful categorization of antibiotics into Bbactericidal^versus Bbacteriostatic^in a manner that translates directly into clinical outcome. In one case in particular, daptomycin achieves remarkable (sometimes 4 log 10 CFU reduction in 4 h) killing in vitro under standard CLSI killing assays, but does not offer any difference in shortening the duration of MSSA or MRSA bacteremia over standard therapy [21] .
Our recent work has shown that antibiotics that are administered to patients have additional mechanisms of action beyond their direct effect on inhibiting growth or killing through their pharmacodynamic interaction with HDPs, like cathelicidin LL-37. Specifically, we have demonstrated that beta-lactams, like nafcillin, markedly increase innate immune-mediated killing of MRSA [13, 19] . Ampicillin and ceftaroline provide similar immunity-boosting activity against ampicillin-and vancomycin-resistant Enterococcus faecium [15, 16] . Conversely, bacteriostatic antibiotics, like erythromycin and chloramphenicol, antagonize the effects of LL-37 [14] . These findings raise the possibility that the traditional reliance on Bbactericidal^antibiotics for the treatment of meningitis or endocarditis may, in part, represent a surrogate Scatter plot depicting the % survival ratio of nafcillin-sensitized (top) or vancomycin-sensitized (bottom) to unsensitized individual MSSA strains. Sensitization involved growing the bacteria in 1/4 MIC of the respective antibiotic prior to LL-37 killing assay. A ratio <1.0 represents strains that showed enhanced LL-37 killing by antibiotic exposure; a ratio >1.0 denotes strains that were rendered more resistant to LL-37 killing by antibiotic exposure In this study, we examined the ability of vancomycin versus nafcillin to enhance killing by cathelicidin LL-37. We observed that nafcillin sensitized clinical MSSA bloodstream isolates to LL-37 killing, whereas vancomycin did not (Fig. 1a) . Interestingly, vancomycin treatment actually reduced the activity of LL-37 killing for approximately half of t h e s t r a i n s , a s s h o w n b y t h e s u r v i v a l r a t i o o f sensitized:unsensitized >1 (Fig. 1b) . Thus, nafcillin not only exhibits bactericidal activity against S. aureus but it also displays favorable pharmacodynamic interactions with antimicrobials of the innate immunity, effectively boosting their activity, a property that vancomycin does not share.
Another finding was the qualitative reduction in pigment observed for 39 % of MSSA isolates sensitized to nafcillin, compared to only 14 % for vancomycin sensitization. Staphyloxanthin can contribute to S. aureus innate immune resistance and pathogenicity, as shown by studies where deletion of the staphyloxanthin biosynthesis enzyme CrtM renders S. aureus more susceptible to whole blood and neutrophil killing, with consequentially reduced virulence in murine skin abscess and systemic infection [22] . Beta-lactam effects on pigment production in S. aureus merit further characterization, as it may reflect a modulation of virulence factor expression and possible third benefit of beta-lactam anti-staphylococcal activity in vivo. Further investigation is warranted to explore the quantitative effect of LL-37 antibiotic sensitization on staphyloxanthin and membrane fluidity.
Finally, based on our preliminary data indicating that genetic or pharmacological manipulation of Gram-positive bacteria that results in enhanced LL-37 activity is frequently accompanied by increased autolysis, we found pronounced increases in autolysis induced by nafcillin [23] . Our finding paralleled the consistent increase in sensitization to LL-37 killing by nafcillin, which was not observed for vancomycin, daptomycin, or linezolid. For one of the strains, growth in the other antibiotics actually resulted in reduced LL-37 killing (Fig. 2) .
Cefazolin shares LL-37 sensitizing ability for MRSA and is known to possess similar clinical efficacy with increased tolerability compared to nafcillin in treating MSSA bacteremia [5, 7, 13] . Empiric combination therapy using vancomycin with either nafcillin or cefazolin may improve clinical outcomes in patients with staphylococcal bacteremia. In the case of MSSA, vancomycin monotherapy and de-escalation from vancomycin to definitive beta-lactam therapy are inferior to initial beta-lactam treatment. In the case of MRSA, vancomycin treatment failures are being observed with increasing vancomycin E-test MIC [4] . To date, clinical trials have not been conducted to evaluate the risk and benefits of empiric combination therapy for staphylococcal bacteremia, especially for MSSA.
We wish to point out several interpretive limitations of this study. First, susceptibility testing of LL-37 was not conducted since the concentration of LL-37 used in the killing assays was derived from pilot studies that allowed baseline bacterial survival prior to antibiotic sensitization. The concentration of LL-37 used was lower than in vivo physiological concentrations and selected for their ability to discriminate different MSSA isolates. However, the concentration of LL-37 used was a little higher than non-inflamed body fluids [24] . Second, other HDPs were not explored, but should be in future investigations, since bloodstream bacteria are exposed to multiple HDPs in vivo. Lastly, all MSSA isolates evaluated in this study were collected from hospitalized subjects who were treated with vancomycin. Due to the lack of MSSA isolates obtained from subjects treated with nafcillin, associating the Bimmunity-sensitizing^property of nafcillin to clinical outcomes was not possible.
In summary, these findings show that anti-staphylococcal antibiotic therapy in vivo extends much beyond the heavily relied upon susceptibility assays and kill curves in standard bacterial media. There are potentially unappreciated and unexplored properties of pharmacologic antibiotics through added antibacterial effects, such as pharmacodynamic boosting of the innate immunity by HDPs and even virulence factor attenuation. They also explain, at least in part, the superiority of beta-lactam antibiotics over vancomycin as antistaphylococcal therapy for serious infections. Conflict of interest G.S. has received speaking honoraria from Cubist, Forest, and Novartis Pharmaceuticals, consulting fees from Cubist and Forest Pharmaceuticals, and research grant support from Forest Pharmaceuticals.
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